Biomechanical and biophysical analyses of tree design show that intuitive, simplistic ideas based on physics of nonliving structures are very often wrong. For example, strong and dense wood is not the main requirement to build an erected and perennial woody stem because (1) the geometry is of greater importance than the material properties ( Larjavaara and Muller-Landau, 2010 ) , and (2) in living organisms such as plants, movements can modify an environmental constraint in an unexpected way. Actually, gravitropism, i.e., the ability of plant stems to reorient themselves, is a key process used by trees to control their posture during growth and, therefore, to reduce lean and mechanical loads, so that low stiffness or exposure to a strong disturbance is not really limiting. Such a biophysical process can disturb the general laws of tree design and give new insights on tree functioning and ecology. For example, the knowledge of allometric relationships among tree mass, height, and diameter is of great importance for carbon estimation ( Chave et al., 2005 ) . Several theories of tree design based on a constant mechanical or hydraulic performance with size have been developed to provide null hypotheses (or predictive models) for scaling laws (allometries) between height and diameter ( Greenhill, 1881 ; Metzger, 1893 ; McMahon, 1973 ; Niklas and Spatz, 2004 ) . Recently, Almeras and Fournier (2009) added new rules based on longterm stability analysis, focusing on the balance between weight increase and gravitropic reaction. Indeed, the gravitropic reaction of standing trees is a key process that allows for successful height growth at low construction costs, since only a small amount of the woody biomass is suffi cient for ensuring verticality and stem orientation. Finally, it contributes to increasing fi tness in the case of limited resources and dark environments ( Darwin and Darwin, 1880 ; Iino, 2006 ; Moulia and Fournier, 2009 ).
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All of the mentioned biophysical theories have aimed at deriving predictive scaling laws from integrative biomechanical models. Such models use upscaling (from tissues to the individual) and physical analyses of the individual performance (mechanical stability, hydraulic conductance) to combine the effects of size parameters (e.g., height and diameter) and tissue properties (e.g., modulus of elasticity, specifi c conductance, or maturation strain asymmetry) into a single trait. Allometric laws are usually derived from null hypotheses based on the constancy of both performance and tissue properties in relation to size. Understanding how these canonical laws are disturbed by ontogeny or environment is a key question. On one hand, performance should vary with environmental constraints (higher gravitropic performance in a disturbed windy site, for example), but on the other hand, tissue traits should vary radially with size and ontogeny (see the synthesis of Lachenbruch et al., 2011 ) .
(Lyons, Seine Maritime, France; latitude 49 ° 28 ′ ; longitude 1 ° 34 ′ , altitude 190 m a.s.l.). The climate is oceanic with a slight continental tendency. From 1992 to 2000, the site was characterized by a mean annual temperature of 10.5 ° C, a mean annual pluviometry of 883 mm, and often late freezes (April, May). Three-year-old (1+2, i.e., 1 yr after germination, seedlings were grown 2 yr in a nursery before transplant to the fi eld) beech seedlings were planted in spring 1981 at this experimental site (mean height: 50 cm). They were all taken from the Arques National Forest (Normandy, France) and planted according to a regular grid. Four plots corresponding to four initial planting densities ( N i ) were used: 2500, 5000, 10 000 and 40 000 stems/ha. The four plots evolved over 26 yr without any intervention or thinning and were only affected by natural mortality. The confi guration of our experimental design (same location, soil and climatic conditions for all the plots) allowed us to isolate only the effect of stand competition over time.
Individual stem circumferences at 1.30 m height and individual tree heights were successively inventoried from 6 yr after planting (i.e., when the trees reached 1.30 m in height) to 26 yr after planting for all trees of each plot. Stem circumference was measured using a tape and individual tree height using a pole. Finally, in 2006, 10 "mean" trees (based on circumference) were selected and cut down in each plot. Their individual stem circumferences will be referred to as C i and their total height as H i .
Monitoring stand-scaled characteristics and competition over timeUsing the tree inventories, we assessed the evolution of the stand-scaled characteristics over time for each plot, i.e., the mean stem circumference ( C g , see Fig. 2A ), the mean tree height ( H g , see Fig. 2B ) and the number of stems per hectare ( N s , see Fig. 2C ). Finally, we computed the relative density index (RDI, see Fig. 2D and Reineke (1933) ) using the appropriate size-density relationships ( Ottorini et al., 2008 ; Le Goff et al., 2011 ) . RDI refl ects the degree of crowding within a stand and is strongly correlated with age. It is typically close
In this paper, we discuss the bases of the null hypothesis of for long-term stability from these points of view, where gravitropic performance is of the power of −2 of the stem diameter. This theoretical model is based on the following equation that computes the gravitropic performance of the tree stem ( Fournier et al., 2006 ) and that was used by several authors to analyze gravitropic effi ciency independent of size and growth ( Coutand et al., 2007 ; Sierra-De-Grado et al., 2008 ; Huang et al., 2010 ; Collet et al., 2011 ) :
where dK / dt is the gravitropic performance at the cross-section level, expressed by the reaction curvature rate (e.g., in m -1 ·yr -1 ), D is the diameter of the cross section, dD/dt is the growth rate in diameter (2 × ring width), and e r is the gravitropic effi ciency (nondimensional). The gravitropic effi ciency can be computed from (1) the maturation strains of peripheral wood, (2) the asymmetry of growth, and (3) the heterogeneity of wood stiffness (at the fi rst order, that can be approximated by the difference of maturation strains between normal wood [NW] and reaction wood [RW] in the case of RW formation) ( Almeras et al., 2005 ; Huang et al., 2010 ) . These fi ndings support the general idea of a gravitropic reaction induced primarily by RW formation ( Scurfi eld, 1973 ; Wilson and Archer, 1977 ; Du and Yamamoto, 2007 ) and that is close to zero when RW is absent. The basic curvature Eq. (1) emphasizes how size ( D ) and growth rate ( dD/dt ) considerably constrain the gravitropic curvature ( Fournier et al., 2006 ) . We will use this integrative biomechanical model to identify how tree gravitropic performance is related to size in an original long-term silvicultural experiment. This experiment consists of four plots of trees of variable sizes, starting from a wide range of initial planting densities and growing over 26 yr. We hypothesized that the gravitropic effi ciency associated with the formation of RW could strongly acclimate to the mechanical constraint during the aging process, disturbing the initial null hypothesis of scaling. This hypothesis is based on previous studies that reported (1) huge variations of maturation strains among trees and inside a tree ( Archer, 1987 ; Fournier et al., 1994 ) , and (2) signifi cant effects of silviculture on RW formation and maturation strain magnitude, with less gravitropic reaction in less competitive tree environments, i.e., after thinning ( Polge, 1981 ; Washusen et al., 2005 ) , in coppice with standard stands when compared to high forests ( Ferrand, 1983 ) , and more generally, in individual trees with a more developed crown ( Kubler, 1987 ( Kubler, , 1988 . Therefore, different scenarios can be expected for the variations of gravitropic performance in relation to size ( Fig. 1 ) . Then, we will discuss how RW formation is driven by tree size and ontogeny, as well as competition or disturbance. Our theoretical developments will link RW observations of wood technologists to tree growth in different environments manipulated by silviculturists to defi ne a gravitropic performance in an ecological context. Then, the observed variations of RW occurrence will be discussed according to the tree biomechanical constraints and necessities.
MATERIALS AND METHODS
Field trial and sampling -The study focused on a monospecifi c (evenaged) European beech plantation in homogenous 45-to 65-cm-deep leached brown soil on a site with no slope in the Lyons-La-Forêt National Forest Fig. 1 . Expected scenarios for the scaling of the gravitational performance according to Eq. (1). On this log-log plot, the slope represents both the basic physical necessity-the bigger it is, the stiffer it is-and the changes in reaction wood (RW) formation and growth rate with size: (a) the "null" hypothesis (slope of −2) means that scaling is mainly governed by the physical necessity with minor infl uences of the gravitropic effi ciency or growth rate changes; (b) a slope > −2 (and close to zero) means an acclimation of the gravitropic effi ciency to maintain a constant gravitropic performance with size; (c) a slope < −2 means an acclimation of the gravitropic effi ciency that decreases the relative performance of bigger trees. Such a result should be discussed according to ecological hypotheses: for example, controlling posture and verticality should be a major biological constraint for thinner trees growing in highly competitive environments. September 2012] DASSOT ET AL.-COMPETITION AND GRAVITROPIC REACTION IN FORESTS pixels in the sector), a TW area (number of blue pixels in the sector) and a NW area (number of red pixels in the sector). The length of the saw cut made before image processing was recorded both in pixels and millimeters to provide a pixel/mm conversion factor. This conversion factor was used to obtain the distance to the pith of each sector belonging to a radial zone j ( p 
where TW j R is the annual rate of TW in the radial zone j .
Assessing the functional gravitropic reaction of trees over time from integrative biomechanics -We directly estimated the curvature rate dK/dt (see Eq. 1) from a spatial integration of the radial distribution of TW assessed in the previous section, adapting the integrative biomechanical model of ( Fig. 3D ). After cellular maturation, each wood sector exerts an axial tensile force E α j s A due to its impeded maturation strains ( E : modulus of elasticity; α : maturation shrinkage; j s A : area of a sector s in a radial zone j ).
Then, assuming that the cross section of radial zone j is almost circular (with a diameter j D ) and that the pith is confounded with the centrum of inertia ( j D being twice the distance from the sector to the pith), this tensile force leads to a bending moment t (i.e., the vector product
by a curvature around the tangential axis:
where E π D j 4 /64 corresponds to the stiffness of the cross-section of the radial zone j . Then, if we assume that (1) the pith differs slightly from the centrum of inertia of the cross section ( D j /2 becoming p j s D , i.e., the distance to the pith of a sector s in the radial zone j ), (2) a binary law for the maturation shrinkage with α = α TW in TW and α = α NW in NW, and (3) E is homogenous, we obtain:
The total curvature ( j K , in m -1 ) exerted by each radial growth zone j around the pith is then given by the vectorial sum:
Notice that this discrete formula (1) is similar to the analytical one of Fournier et al. (2006) (Eq. 1) if the TW distribution leads to a perfectly sinusoidal variation of the induced force, as assumed in , and (2) is based on the assumption of a constant maturation shrinkage (binary law) in TW. Such an assumption is obviously wrong, as not only the presence/absence of cellulosic G-layers that characterize TW in beech, but also the continuous cell wall variations in these G-layers are expected to explain variations of maturation strains ( Mellerowicz and Gorshkova, 2012 ) . However, without any additional data on cell wall properties, the binary TW occurrence seems a fi rst-order good proxy to estimate maturation strains in beech ( Trenard and Gueneau, 1975 ) . Thus, we used the correlation between the GSI values and the percentage of TW in the corresponding sector at the fi nal stage of growth to calibrate the values of α TW and α NW ( Fig. 4 ) . The displacement measured by the single-hole method (GSI, in µm) was converted to maturation strains ( α , in µdef) using the value, 1 µm = 15.8 µdef, as established both experimentally and theoretically by Fournier et al. (1994) for beech. The gravitropic performance is then computed as the annual curvature rate (in m -1 ·year -1 ) for each growth zone (period):
to zero in young stands and reaches one in old stands where the trees have less space to grow.
Measured maturation strains 26 yr after planting -Before tree cutting, we used the CIRAD's sensor based on the single hole method ( Fournier et al., 1994 ) to assess the peripheral growth stresses of wood (i.e., the growth stress indicators [GSI] , in µm) 26 yr after plantation. Four measurements were made on the stem circumference at 1.30 m height, the fi rst corresponding to the lower side of local stem inclination ( Fig. 3A ) .
Assessing tension wood formation over time -
In broadleaved species such as beech, RW is referred to as tension wood (TW) and typically develops on the upper side of a tilted stem. The formation of TW in the tree stem over time was assessed using an image processing method involving dedicated plugins in the program ImageJ ( Rasband, 1997 ( Rasband, -2011 to analyze the distribution of TW in a cross section of the stem. For each of our 40 trees, a disc at 1.30 m height was taken and a saw cut was made from the periphery to the center of the disc to avoid deformations due to drying. The surface of the disc was photographed under a particular light incidence that made TW (G-fi bers) appear to be shiny ( Barbacci et al., 2008 ) ( Fig. 3A ) . Specifi c thresholds were applied to the disc image to differentiate TW from NW, making them appear in blue and red, respectively ( Barbacci et al., 2008) ( Fig. 3B ) .
Radial production of the TW in the disc (and, therefore, radial production of TW over time) was assessed by segmenting the thresholded disc image into several radial zones centered on the pith of the disc ( Fig. 3C ) . Since it was impossible to differentiate TW from the images at the annual ring scale, the radii of the radial zones were defi ned from the fi eld inventories of the stem circumference over time, removing a small percentage for bark thickness. Therefore, seven radial zones corresponding to the wood were defi ned: three 2-yr-old radial zones between 6 and 12 yr after planting (fast growth, for periods 6-8, >8-10, and >10-12 yr), three 3-yr-old radial zones between 12 and 21 yr after planting (moderate growth, for >12-15, >15-18, and >18-21 yr), and one 5-yr-old radial zone between 21 and 26 yr after planting (slow growth, for >21-26 yr).
Each radial zone was then divided into 80 angular sectors, for a total of 560 sectors. Each sector was characterized by particular x and y coordinates (i.e., the coordinates of the centroid of its vertices, in pixels), a total area (the number of determined using a major axis regression (and not the usual linear regression) of the log-log plot ( Warton et al., 2006 ).
Simple statistical model of the gravitropic reaction of trees -We used linear mixed-effects models to assess the variables involved in the gravitropic reaction of trees because such models made it possible to add a tree random effect, particularly recommended in the case of repeated measurements ( Le Moguedec et al., 2002 ; Zuur et al., 2009 ) . Linear mixed-effects models were run using R-software 2.13.0 ( R Development Core Team, 2011 ), using the lmer procedure of the lme4 package ( Bates et al., 2011 ) . The dependent variables R TW and dK/dt were expressed in their natural logarithm form to normalize their distributions. This procedure required that the few null values of R TW (i.e., no TW in the radial growth zone) be ignored (seven values ignored out of 280 observations). The possible explanatory variables to be tested were the age of the plot (i.e., the number of years after planting y ap ), N i , as well as the stand competition variables, C g , H g , and N s . A tree random effect (µ t ) was added to each model tested:
where N y is the number of years (tree rings) represented in the radial growth zone. Since the order of magnitude of dK/dt (in m -1 ·year -1 ) is not easy to visualize, the resulting change in stem verticality can be expressed in degrees on a span (height) 4 m from the base. The mean recovery ( R, in degrees) of the trees at 4 m in height throughout the entire growth period of 26 yr, associated to the curvature rate, is given by
where k is the mean annual curvature rate in the plot over 26 yr. Such a simple calculation just aims at giving an order of magnitude of the displacement of the stem. It does not aim at refl ecting the real stem recovery insofar as it is based on the unreasonable assumption of similar TW distribution, pith eccentricity, and NW asymmetric production over the 4 m of the stem.
Scaling laws between reaction curvature and stem circumference -The slope of the allometric relashionships between d K/dt and the circumference was The GSI values of the peripheral maturation strains (i.e., growth stress indicators [GSI] , in µm) were measured on the stem circumference at height of 1.30 m on the standing tree. (A) Stem disc at 1.30 m was collected and photographed under low light incidence to make tension wood (TW) appear to be shiny and contrasted with normal wood (NW). (B) Thresholds were applied to the disc image to make TW appear to be blue and NW appear to be red. (C) The thresholded disc image was then segmented into seven radial zones corresponding to the wood developed during the periods 6-8, >8-10, >10-12, >12-15, >15-18, >18-21 and >21-26 yr after plantation. (D) Finally, the axial force exerted by each sector was computed from the modulus of elasticity E , the maturation strain α (in µdef, derived from the GSI values) and the area of the sector A s , leading to the computation of the sector bending moment. The sum of the sector bending moments in each radial zone made it possible to compute the reaction curvature for the period concerned. September 2012] DASSOT ET AL.
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interpreted as an artifact because of the strong correlation that exists between age (or size) and RDI. The median annual reaction curvature ( dK/dt ) began at high values for the 6-8-yr after planting, with a high variability, and continuously decreased with age, with an increasingly low variability ( Fig. 5B ) . For each period, only the 40 000 stems/ha plot seemed to distinguish itself from all the others, with higher values. In each plot, the distributions of ln ( dK/dt ) were signifi cantly different between periods ( F 1, 68 = 269.83, P < 0.001 (2500 stems/ ha), F 1, 68 = 290.9, P < 0.001 (5000 stems/ha), F 1, 68 = 307.08, P < 0.001 (10 000 stems/ha) and F 1, 68 = 145.82, P < 0.001 (40 000 stems/ha)). The distributions of ln ( dK/dt ) among plots were not signifi cantly different at 6-8 and >8-10 yr after planting ( F 1, 38 = 1.3136, P = 0.2589 and F 1, 38 = 1.9413, P = 0.1716, respectively), but were increasingly signifi cant thereafter ( F 1, 38 Scaling law analysis -The linear regression between ln ( dK/dt ) and ln ( C i ) was highly signifi cant ( t = −26.49, df = 278, P < 0.001) and showed a good relationship ( R 2 = 0.7152). The major axis of the point cloud presented a slope of approximately −3.02 ( Fig. 6 ). This scaling law does not follow the compensation hypothesis ( Fig. 1 , hypothesis b) and shows that the difference between large and small trees is just slightly greater than described by the null hypothesis ( Fig. 1 ,  hypothesis a) . Above all, the linear log-log fi tted regression induces a bias since the performance remains quite constant in the smallest trees and then rapidly decreases in the biggest ones.
ln R TW = stand variables + µ t (8) ln ( dK / dT ) = stand variables + µ t .
Several models were signifi cant and Akaike's information criterion (AIC) (see Bozdogan (1987) ) was used to choose the most informative models.
RESULTS
Tree morphologies -Tree morphologies 26 yr after planting differed considerably depending on the initial planting density ( Table 1 ) . As expected, increasingly high initial densities induced increasingly small stem circumferences and did not greatly affect the total tree height. Our trees were all similar in height, except for the 40 000 stems/ha plot, which presented slightly smaller trees. These differences between plots were statistically signifi cant ( F 1, 38 = 82.81, P < 0.001 for C i and F 1, 38 = 8.7896, P < 0.01 for H i ).
Correlation between TW and growth stresses in the fi nal stage of growth -As a preliminary result, the comparison between the GSI values and the percentage of TW in the corresponding sector of the last growth zone showed a signifi cant correlation ( Fig. 4 ) and justifi ed the use of TW areas to compute the annual tree curvature rate.
Order of magnitude of upright bending movements induced by reaction wood -The mean recovery of trees ( R ) increased with the stand density and was 20.9 ° , 19.5 ° , 22.3 ° , and 30.8 ° in the 2500, 5000, 10 000 and 40 000 stems/ha plots, respectively.
Evolution of gravitropic reaction of trees over time -
The global kinetics of the median annual rate of TW ( R TW ) from the 6-8-yr period to the >21-26-yr period appeared to decrease continuously, except for the 40 000 stems/ha plot where it increased from >12 to 26 yr. However, we can fi nd values that are considerably higher above the median for the three highest densities during the >18-21 and >21-26-yr periods ( Fig. 5A ) . The distributions of ln R TW were signifi cantly different in each plot between periods ( F 1, 63 = 7.1504, P < 0.01 in the 2500 stems/ha plot, F 1, 67 = 18.18, P < 0.001 in the 5000 stems/ha plot, F 1, 67 = 19.747, P < 0.001 in the 10 000 stems/ ha plot and F 1, 68 = 6.1167, P = 0.0159 in the 40 000 stems/ha plot). The distributions of ln R TW among plots were not signifi cantly different for each period. Using statistical modeling, a signifi cant and positive effect of 1/ y ap and 1/ H g was found on ln R TW ( Table 2 , models 1 and 2). The additional effect of N i was tested, but it was not signifi cant. Moreover, the effect of the RDI was signifi cant but negative, suggesting that when trees had more available space, they formed more reaction wood. Since such a result contradicts all previous studies about competition and growth stresses in beech, it must be time) or from a physiologist's point of view (studying juvenile, isolated, and artifi cially disturbed trees over a short period). Our stand-scaled experimental site, composed of trees growing only under natural constraints for 26 yr, made it possible to assess tree biomechanics in an ecological context, for a wide
DISCUSSION
Interest of the experimental design -Previous experiments in tree biomechanics were mainly conducted either from a forester's point of view (studying single mature trees at a given , 2006 ; Hook et al., 2011 ) . Up to now, these ecological discussions did not take into account ontogeny or size, although in a recent review, Lachenbruchet al. (2011) reported more RW in younger stems (i.e., in tree rings near the pith) as a typical radial variation in wood. We found an interesting ontogenic acclimation of the gravitropic performance through a greater production of TW in the youngest stages. Such a result suggests that controlling posture is a necessity during seedling and young sapling stages, when the tree could be mechanically more easily both disturbed and reactive, as already emphasized by Collet et al. (2011) from fi eld observations of gravitropic movements of saplings. Moreover, since radial growth (ring width) decreases with size, the gravitropic performance of the biggest trees decreases more rapidly. These two ontogenetic effects explained why the relationship between curvature rate and size is a nonlinear relationship rather than a simple allometry ( Fig. 6 ). More surprisingly, we did not fi nd any effect of competition. The lower growth stresses in less slender trees with wider crowns, usually used as examples (see introduction) and currently used range of competition levels for each period and a wide range of silvicultural treatments. The interest of the study is also dual insofar as the gravitropic response of trees can be observed both from the forester's point of view (TW occurrence over time) and from the functional point of view (gravitropic performance over time).
TW formation associated with the gravitropic control of stem posture is a key ecological process and not a wood quality defect associated with particular conditions -All the trees developed TW during each period considered (only seven cases of no TW in 280 observations), demonstrating that TW formation is not a rare or pathological event and continuously occurs in growing forest trees, regardless of the tree environment and not just for bent trees. However, it is important to note that trees that developed similar amounts of TW were able to express variable curvature rates. This result emphasizes the importance of the tree size and the pith eccentricity (never very high in our sample, however) in the tree gravitropic response. The mean recovery of the trunk base of ca. 20 ° to 30 ° (for an arbitrary height of 4 m) over the whole period, gives us an idea of the lean we would have observed if the tree had not reacted. Therefore, the gravitropic reaction is a necessary ecological process for making erect and almost vertical trees with a small amount of wood and an extremely slender design.
Acclimation of reaction wood formation with age only slightly disturbs the scaling of gravitropic performance with tree size -The intensity of the curvature rate at the youngest stage of growth confi rms the strong reactivity of young and small trees already observed under artifi cial leaning conditions ( Coutand et al., 2007 ; Yamashita et al., 2007 ) . However, this type of reactivity is at a fi rst order the result of the increasing stiffness that accompanies growth: the thicker the stem, the more diffi cult the bending and the slower the reaction. This study confi rms that this physical law heavily limits the scaling of the gravitropic reaction: even within a wide range of environments (the experimented plantation densities represent extreme silvicultural conditions for beech), the scaling of the curvature rate with size remains close to a power of −2 of the diameter.
The ecological signifi cance of tropisms is a puzzling question, mainly studied through interactive effects with phototropism ( Iino, 2006 ) or on very disturbed environments such as slopes ( Lang et al., 2010 ) . At the same time, dendroecology pays attention to RW as a marker of strong disturbances ( Stoffel and in beech silviculture ( Becker et al., 2005 ) , could perhaps be accounted for by (1) a complex history of both perturbation and competition and not by a basic effect of spacing or (2) a silvicultural effect on the cell wall properties and not on the tissue distribution (that has been used here as a fi rst-order proxy of the maturation strain asymmetry).
The scaling of gravitropic performance with tree size makes smaller trees that grow slower in a more competitive environment more reactive at a given age -A silvicultural issue is to determine whether or not a tree is able to maintain or recover its verticality according to its age and environment (i.e., its growth potential). Silviculturists are therefore interested in gravitropic performance since this trait expresses the tree's ability to compensate for a mechanical perturbation by making straight vertical trunks of higher quality. Forest scientists usually generate statistical models that link tree traits to dendrometry (height, diameter), age, or environment. This statistical approach leads to simple models that link the gravitropic curvature rate to the mean tree size ( C g or H g ), or more complex ones based on an interactive effect of both age and plantation density. These models are obviously explainable by the underlying biomechanical processes: size is the main constraint, and increasing the stand density results in smaller trees for a given age. Increasing initial competition ( N i ) therefore implies more slender stems and promotes their higher ability to curve, associated with a higher reactivity at a given age, despite their slower radial growth, as clearly shown in the extremely dense plot (40 000 stems/ha). However, to address this silvicultural issue, a more accurate study of disturbances due to gravitational or wind forces (also linked to stem size) would be necessary since maintaining trunk shape is a balance between the bending due to gravity or wind and the gravitropic reaction.
Beyond these silvicultural aspects, this study addresses the following message to plant scientists interested in wood as an ecological trait or marker: RW occurrence is a promising trait to study tree ecology, complementary to more commonly used wood traits such as density or mechanical and hydraulic properties. It is not a pathological event but a very current feature associated with usual life strategies. The link between RW to competition or disturbance then is still an open question, which we cannot answer using our long-term retrospective analysis. This study emphasizes the main constraint of size on the functional performance of RW, that presents a greater effi ciency in young sapling stages. Therefore, typical scaling laws of biophysical problems and ontogenic variations of traits well known in dendrochronology cannot be neglected when using RW occurrence to discuss the life history of species and their reactions to environmental factors.
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